ABSTRACT: Microcalorimetry and measurements of the contact angle of water were performed to investigate the hydrophilic/hydrophobic properties of silica surfaces modified with metal oxides and polydimethylsiloxane (PDMS) at 20-500°C. Fumed silicas whose surfaces contained grafted oxygen compounds of metals were used as adsorbents, with VOCl 3 , CrO 2 Cl 2 , TiCl 4 , SnCl 4 , AlCl 3 and Zn(acac) 2 vapours being applied as modifiers. It was found that the hydrophobic coating of silicas modified with metal oxides and PDMS (8-40 wt%) was stable over the temperature range 100-350°C. With a titania coating, the hydrophobic properties were retained at temperatures up to 500°C for an adsorbed polymer content of 20-40 wt%.
INTRODUCTION
Polymeric composites based on organosilicon compounds and inorganic fillers have a wide application in the production of silicone rubbers, sealants, lubricants, etc. (Sobolevskii et al. 1985) . Recently, modified silica and polydimethylsiloxane were used for the synthesis of metal oxidecontaining hybrid materials (Wen and Mark 1994; Alonso and Sanchez 2000) . The thermo-oxidative stability of these materials is one of their major operating characteristics (Kharitonov and Ostrovsky 1982; Bryk 1989) .
The thermal decomposition of PDMS on fumed silica surface was the subject of our earlier detailed investigation (Bogatyrov and Borysenko 1999) . It was found that thermolysis was accompanied by chemisorption of the PDMS decomposition products onto the silica surface. The preliminary modification of fumed silica by phosphorus oxides had a substantial effect on the mechanism of the thermal destruction of PDMS and led to the depolymerization of adsorbed macromolecules at lower temperatures (Bogatyrov and Borysenko 2000) .
Polyorganosiloxanes are traditionally employed for imparting hydrophobic properties to dispersed silica. The purpose of the present study was the estimation of the hydrophilic/hydrophobic properties of compounds synthesized using various amounts of polydimethylsiloxane and silica or silica modified with metal oxides at a temperature of 20-500°C.
EXPERIMENTAL
The reagents employed in our experiments were liquid polydimethylsiloxane PDMS-1000 (linear polymer with methyl end groups; kinematic viscosity 1036 mm 2 /s at 20°C) (Kremniypolimer, Zaporizhzhya, Ukraine) and fumed silica A-300 (Khlorvinil, Kalush, Ukraine).
Modified silicas were synthesized through the interaction of SiO 2 with vaporized chlorides and oxychlorides of various metals (VOCl 3 , CrO 2 Cl 2 , TiCl 4 , SnCl 4 , AlCl 3 ) and subsequent treatment with water vapour (Vansant et al. 1995; Gun'ko et al. 2002) . Zinc acetylacetonate was used to prepare silica modified with zinc oxide. The metal content (wt%) of the modified silicas was V, 2.7; Cr(VI), 2.0; Ti, 1.6; Zn, 1.9; Sn, 3.5; and Al, 0.8. PDMS was adsorbed onto silica from hexane solutions to prepare samples containing 5, 8, 10, 20 and 40 wt% polymer. Thus, the thickness of the adsorptive coating of PDMS changed in proportion to the content of polymer in a given sample.
A study of the unmodified and modified samples was carried out using an automatic differential calorimeter DAC 1.1A (EPSE, Chernogolovka, Russia). Before measurement of the heat of immersion (∆H im ), the samples were degassed at 100°C and 0.01 Pa for 2 h. Samples of 25-50 mg weight per 3 ml distilled water were taken, while the exposure time was equal to several hours. The average errors in the ∆H im measurements were ± 3%. Similar investigations of different silicas have been described in detail in the literature (Lagerge et al. 2000) .
The contact angle of water was measured using the sessile drop method with a MIR-1 microscope (LOMO, St. Petersburg, Russia). Thus, a drop of distilled water was applied to a pressed silica tablet previously heated for 0.5 h at a temperature of 100-500°C. Measurements were carried out in air at room temperature (20 ± 2°C).
RESULTS AND DISCUSSION
Wetting is considered to be a process following the interaction between a solid surface and a liquid. It consists of a spontaneous movement of the liquid along the solid interface, caused by the gradient in the chemical potential of liquid molecules at the interface. The heat of immersion as measured by calorimetric techniques may be used to characterize the effects of wettability.
In the present investigation, studies were made of the dependence of the heat of immersion on the calcination temperature of a sample containing 8 wt% polydimethylsiloxane [ Figure 1(A) ]. It was found that this dependence exhibited a characteristic maximum. The value of ∆H im began to decrease as the calcination temperature of the sample was increased up to 200°C to attain a minimum value at a calcination temperature of 350°C. Hence, the optimum temperature for achieving a hydrophobic coating on a sample was taken as 350°C. This temperature was employed for calcining silicas containing 5-40 wt% PDMS, following which their heats of immersion in water were measured. A PDMS content of 8 wt% was found to be sufficient for obtaining the maximum hydrophobicity of the coating. Increasing the PDMS content above this level did not result in any increase or decrease in the heat of immersion [ Figure 1(B) ].
Destruction of the polydimethylsiloxane chains at 200-350°C and chemisorption of the decomposition products onto the silica surface through free hydroxyl groups to form grafted dimethylsilyl groups was corroborated using IR spectroscopy (Bogatyrov and Borysenko 1999) . Oxidation of the dimethylsilyl groups occurred as the temperature was increased from 350°C to 600°C.
Values of ∆H im on a silica whose surface contained various metal oxide groups were somewhat larger than those for the initial silica since such materials are more hydrophilic (Figure 2 ). This was related to the presence of Lewis acid sites on the surface of such a sample with these acting as centres for the adsorption of water molecules during wetting. The heats of immersion of metal oxide-coated silicas containing polydimethylsiloxane (8 wt% PDMS, 300°C) were higher than that for the initial silica. The evaluation of the hydrophilic/hydrophobic properties of silicas containing metal oxides modified with different amounts of PDMS was made by measuring the contact angle of water (Θ) relative to the calcination temperature employed in the preparation of the samples (Figures 3 and  4) . At a calcination temperature of 100-350°C, a contact angle value Θ > 90 ο (hydrophobic samples) was obtained despite the fact that the concentration of PMDS adsorbed on the sample surface varied from 5 to 40 wt% for all the modified silica samples -but not for silica/titania and the initial silica. In the case of PDMS/SiO 2 and PDMS/TiO 2 /SiO 2 , the dependence of Θ on the calcination temperature displayed a maximum when the concentration of adsorbed PDMS was 5 wt%. It has been shown that under such conditions PDMS exhibits an open structure (Bogatyrov and Borysenko 1999) . Silicas modified with the oxides of V, Cr, Ti, Sn, Al and Zn and with PDMS (5 wt%) were already hydrophobic even after calcination at 100°C. This provided evidence for chemical interaction between the polymer and the silanol groups of SiO 2 , a reaction catalyzed by the applied metal oxide phase. The metal oxide on the silica surface existed as a separate phase whose thickness was approximately equal to 100 nm in the case of titania (Gun'ko et al. 2002) , while this thickness was comparable with the size of the silica particles (10 nm) for the oxides of V, Cr, Ti, Sn, Al, and Zn. By allowing for the sizes of the titania particles on the silica surface and taking the results of Gun'ko et al. (1997) -who found that titania localized on a silica surface provided additional sites for water adsorption -we conclude that it is these additional sites that impart hydrophilic properties to the surface of a titania-containing sample containing adsorbed polydimethylsiloxane (5 wt%).
In the case of the initial silica, its surface contains a large number of silanol groups that do not react with PMDS at 100°C, thereby generating its hydrophilic properties. When the calcination temperature was increased to 280°C, chemisorption of the decomposition products arising from the destruction of the polydimethylsiloxane chains occurred on the surface via the free silanol 514 A.G. Dyachenko et al./Adsorption Science & Technology Vol. 22 No. 6 (Figure 4) . Oxidation of the dimethylsilyl groups chemisorbed on the surface occurred over the calcination range 350-450°C. This oxidation was accompanied by a gradual decrease in the contact angle down to zero, with the samples becoming hydrophilic due to the reduction in the number of silanol groups on the surface. Such results were not obtained with the titania-containing silica whose hydrophobic properties at an adsorbed polymer content of 20-40 wt% were retained even when the calcination temperature was varied over the temperature interval 100-500°C. Borysenko et al. (2001) have shown that the polydimethylsiloxane coating of titania-containing silica exhibits the largest thermal stability relative to the other metal oxide-containing silicas.
CONCLUSIONS
The optimum temperature and concentration of PDMS for obtaining a hydrophobic silica was 350°C and 8 wt%, respectively. The hydrophobic coating of silica modified with the oxides of V, Cr, Ti, Sn, Al and Zn and coated with PMDS (8-40 wt%) was stable when the calcination temperature was varied over the range 100-350°C. For the titania-containing sample, its hydrophobic properties were retained at calcination temperatures up to 500°C when the adsorbed polymer content was 20-40 wt%.
